Rat liver polysomal RNA was translated in the rabbit reticulocyte lysate and in the wheat germ cell-free protein-synthesizing systems, using [35S]methionine as label. The catalase (hydrogen-peroxide:hy rogen-peroxide oxidoreductase, EC 1.11.1.6) that was synthesized was isolated by immunoprecipitation and characterized by electrophoresis in sodium dodecyl sulfate/polyacrylamide gels followed by fluorography. The catalase made in both systems migrated more slowly during electrophoresis than did purified peroxisomal cata ase. By comparison with standards of known molecular mass, the cellfree products were estimated to be about 4000 Little is known about the messenger RNAs for enzymes that are located in the organelles of eukaryotic cells. Equally little is known about the primary translation products of these mRNAs, and of the mechanisms whereby these proteins are integrated into their host organelles. This contrasts with the considerable knowledge that has accumulated about the translation products of secretory protein mRNAs (1-11) and the nature of the secretory pathway itself (12).
EC 1.11.1.6) that was synthesized was isolated by immunoprecipitation and characterized by electrophoresis in sodium dodecyl sulfate/polyacrylamide gels followed by fluorography. The catalase made in both systems migrated more slowly during electrophoresis than did purified peroxisomal cata ase. By comparison with standards of known molecular mass, the cellfree products were estimated to be about 4000 daltons larger than the purified enzyme. We also investigated the biosynthesis [491] [492] [493] [494] [495] [496] [497] [498] [499] [500] [501] [502] [503] [504] [505] [506] was isolated immunochemically. For comparison, 1-day-old completed catalase was immunoprecipitated from peroxisomes. The migrations in sodium dodecyl sulfate gels of the 8-min-old precursor and the subunit of the day-old enzyme were indistinguishable and approximately the same as the migration of the cell-free products. These results indicate that catalase's apparent size does not change when it enters peroxisomes but rather decreases during the chemical purification procedure. Little is known about the messenger RNAs for enzymes that are located in the organelles of eukaryotic cells. Equally little is known about the primary translation products of these mRNAs, and of the mechanisms whereby these proteins are integrated into their host organelles. This contrasts with the considerable knowledge that has accumulated about the translation products of secretory protein mRNAs (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) and the nature of the secretory pathway itself (12) .
Catalase (hydrogen-peroxide:hydrogen peroxide oxidoreductase, EC 1.11.1.6) is a principal and characteristic enzyme of the peroxisomes of rat liver (13) . This hemoprotein has a molecular weight of about 240,000, and consists of four identical subunits. Lazarow and de Duve (14) showed that this enzyme is synthesized in the liver as a precursor that (i) is approximately the size of a catalase monomer (by sedimentation analysis), (ii) lacks heme, and (iii) does not accompany catalase through its chemical purification procedure. The exact site of synthesis of this precursor is unknown, but the precursor is first recovered in the high-speed supernatant from carefully prepared homogenates (15) . Beginning about 8 min after its synthesis, it is transferred into peroxisomes with a half-time of about 14 min. Inside the peroxisome it acquires heme and then aggregates to form an active tetrameric catalase molecule (15) .
In order to learn more about the early steps in catalase biosynthesis, we have translated catalase mRNA in both the reticulocyte lysate and wheat germ protein-synthesizing systems and have characterized the product by electrophoresis in sodium dodecyl sulfate (NaDodSO4)/polyacrylamide gels. We have similarly characterized the in vivo catalase precursor as well as finished peroxisomal catalase.
METHODS
Polysomes were prepared from rat liver according to Taylor and Schimke (16) . The polysomes were treated with NaDodSO4 and ethylenediaminetetraacetate (EDTA), precipitated with ethanol, and redissolved as described (16) . Polysomal RNA was then precipitated and deproteinized with 4 M urea/2 M LiCl/2 mM EDTA at 00. The RNA was washed with 3 M Na acetate, pH 6/5 mM EDTA at 0°and reprecipitated three times with ethanol. Rabbit reticulocyte lysate and wheat germ extract were prepared according to Rhoads et al. (17) and Roman et al. (18) , respectively.
The polysomal RNA (containing mRNA and rRNA) was translated with the reticulocyte lysate at a final concentration of 0.2 mg/ml as described by Palmiter (19) , except that we used
[asS]methionine (560 Ci/mmol) at 0.35 mCi/ml and 19 unlabeled amino acids at a concentration of 0.1 mM each and omitted hemin.
The RNA was translated in the wheat germ system in a manner based on that of Roman et al. (18) . The most important difference was the addition of the human placental ribonuclease inhibitor described by Blackburn et al. (20) to a final concentration of 4 ,ug/ml. The The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. mal catalase as carrier and excess goat anticatalase prepared by Lazarow and de Duve (14) and known to be monospecific for catalase. Control immunoprecipitations were performed with rabbit gamma globulins and sheep anti-rabbit gamma globulins prepared by Robbi et al. (21) .
Rat liver peroxisomal catalase was purified as described previously (22) . One preparation of catalase was labeled in vivo by the intraperitoneal injection of 5 Immunoprecipitates of catalase and other samples for NaDodSO4/polyacrylamide gel electrophoresis were dissolved in 50 ,l of 2% NaDodSO4/0.06 M Tris-HCl buffer, pH 6.8/10 mM dithiothreitol/0.001% bromophenol blue/10% sucrose and heated at 1000 for 5 min. The reduced proteins were then alkylated at room temperature with 20 mM iodoacetamide for 30 min. They were electrophoresed for 1800 V-hr (at constant voltage) in 1-mm-thick slab gels containing a linear gradient of 7-15% acrylamide and a 3% acrylamide stacking layer. All other conditions were essentially those used by Scheele (24) for his second-dimension electrophoresis. We obtained highly reproducible absolute migrations of the proteins by keeping the total volt-hours constant. The voltage could be regulated to suit one's convenience; values up to 125 V gave satisfactory results. After electrophoresis, the slab gels were stained and destained, and fluorograms were prepared as described by Bonner and Laskey (25) .
Isotopes were purchased from New England Nuclear (Boston, MA), female Sprague-Dawley rats were obtained from Charles River (Wilmington, MA), the electrophoresis materials were from Eastman (Rochester, NY), and most other reagents and the protein standards came from Sigma (St. Louis, MO). RESULTS Translation with Reticulocyte Lysate. When rat liver polysomal RNA is translated in the reticulocyte lysate, the pattern of total proteins synthesized (Fig. 1, lane 3) is similar to that of the translation products in the absence of added messenger (lane 2), indicating that most of the mRNAs undergoing translation are endogenous to the reticulocyte lysate. The proteins synthesized are numerous and range in molecular mass from less than 15,000 to several hundred thousand daltons.
Several additional minor bands are apparent when liver polysomal RNA is present during the translation (lane 3, arrows). Serum albumin would be the most prominent of these, but is masked by the heavy endogenous protein band of approximately 71,000 daltons, We find that under these conditions, but using [3H]leucine as label, albumin represents 0.5% of the total proteins synthesized. This is in close agreement with the results of Taylor and Schimke (16) reticulocyte lysate in the absence of added liver mRNA (Fig.  1, lane 5) . The unlabeled carrier catalase in lanes 5 and 6, stained with Coomassie blue (not shown), had the same migration as the labeled catalase in lanes 4 and 7; i.e., it moved farther than the labeled cell-free product during coelectrophoresis.
Translation with Wheat Germ. Rat liver polysomal RNA was also translated in the wheat germ in vitro protein-synthesizing system, in the presence of placental ribonuclease inhibitor (20) . As illustrated in Fig. 2 For comparison, we also immunoprecipitated some catalase from hepatic peroxisomes that were isolated from a rat 1 day after it received 1 mCi of [a5S]methionine by intraperitoneal injection.
As illustrated in Fig. 3 , the 8-min-old supernatant precursor of catalase and the 1-day-old peroxisomal catalase have indistinguishable mobilities; both migrate more slowly than does peroxisomal catalase that has been subjected to chemical purification. As shown in Fig. 4 , the in vivo precursor of catalase has approximately the same mobility as the wheat germ cellfree product.
Apparent Molecular Masses. The apparent size of the catalase synthesized in the two cell-free protein-synthesizing systems was estimated by comparison with standards run in the same gels. In seven experiments it was 65,800 i 700 daltons. Purified catalase (four batches) in these same seven experiments was about 4000 daltons smaller (Table 1) . However, both species of catalase immunoprecipitated after in vivo labeling (the apomonomer precursor and the completed enzyme from peroxisomes) were about the same size as the cell-free products (Table 1) . Therefore, the major change in size that we observe occurs not when catalase enters peroxisomes, but rather when the peroxisomal catalase is chemically purified.
DISCUSSION
These results demonstrate the translation of the mRNA of the major peroxisomal enzyme, catalase, in two cell-free proteinsynthesizing systems. The identity of the product is based on its immunoprecipitation by an antibody known to be specific for catalase (14) , by its migration as a single band in NaDodSO4 gels with a mobility similar to that of catalase, and by preliminary tryptic peptide analysis. has been reported previously by several workers (26, 27) , including the second author of this paper (28) , but the product was not characterized in those studies.
The placental ribonuclease inhibitor described by Blackburn et al. (20) was found to be extremely useful for wheat germ translations, in agreem.ct with previous observations by Scheele and Blackburn (ref. 29 and personal communications). In the experiment of Fig. 2 , no catalase was synthesized when the inhibitor was omitted. However, not all batches of wheat germ are as dependent on inhibitor as was this one.
Our observation that the in vitro translation product of catalase mRNA appears to be about 4000 daltons larger than purified catalase recalls the findings that many secretory proteins [with the exception of ovalbumin (30) ] are initially synthesized with an extra NH2-terminal peptide believed to play a role in directing the nascent polypeptide into the endoplasmic reticulum (signal hypothesis) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In the present case, however, the in vivo product is not appreciably smaller than that synthesized in vitro, and no difference is found between the in vivo precursor of catalase and the subunit of the mature enzyme. The only molecular species that is significantly different in size is the peroxisomal catalase that has gone through the chemical purification procedure. This may be an artifact of purification: other cases are known in which a contaminating protease cleaves an enzyme during its purification (31 Some recent observations on the biosynthesis of plant organellar enzymes may be relevant to our results. The mRNA for the small subunit of ribulosebisphosphate carboxylase (EC 4.1.1.39), a major chloroplast enzyme, has been translated in the wheat germ system. The product appears to be larger than the authentic enzyme subunit according to NaDodSO4 gel electrophoresis: the difference in molecular mass is reported to be 3500 daltons in the case of Chlamydomas reinhardii (33) and 6000 daltons for the pea enzyme (34) . Very recently, the translation product of watermelon cotyledon glyoxysomal malate dehydrogenase mRNA was reported to be 5000 daltons larger than the purified enzyme, again according to NaDodSO4 gel electrophoresis (35) . These mass differences are considerably larger than the sizes of the known "signal peptides" of secretory proteins. Curiously, the 4000 dalton mass difference between the catalase cell-free product and the purified enzyme falls into the same size range.
The chloroplast differs from the peroxisomes by having two membranes rather than one, as well as by being a plant organelle. On the other hand, the glyoxysome is a close evolutionary relative of the peroxisome (36): both organelles metabolize H202 (13, 37) , catalyze the f-oxidation of fatty acids (37, 38) , and have single membranes. One might expect them to have similar mechanisms of biogenesis. The size of the glyoxysomal enzyme synthesized in vivo has not been determined without preliminary purification, as has been done for the animal catalase, so further comparison is not possible.
In summary, these results indicate that the size of the catalase subunit does not change appreciably as the enzyme precursor moves from its site of synthesis to the peroxisomes in rat liver and is processed to form finished catalase. Moreover, the results demonstrate the need for caution in deducing biogenetic relationships by comparing cell-free translation products with purified enzymes.
Further experiments are required on the uptake of catalase into peroxisomes. It may be kept in mind that the catalase precursor could contain structural information directing it to the peroxisome, without necessarily undergoing proteolytic processing.
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